Background: HIV-infected patients have accelerated atherosclerosis. Abacavir has been associated with increased risk of cardiovascular events, for reasons that remain to be elucidated. As endothelial dysfunction is central to the pathogenesis of atherosclerosis, we tested the hypothesis that current treatment with abacavir is associated with impaired endothelial function.
Introduction
A growing number of studies suggest that HIV-infected individuals are at increased risk for cardiovascular disease (CAD). The mechanism underlying this increased risk is unknown but may be related to traditional risk factors, inflammation, HIV infection itself, and/or antiretroviral therapy. Although most of the concern regarding drug toxicity initially focused on protease inhibitors [1] , more recent data have emerged suggesting that abacavir use may also be associated with higher risk of cardiovascular events including the D:A:D study, the Strategies for Management of Anti-Retroviral Therapy (SMART) study, and the French Hospital database on HIV [2] [3] [4] . The biological rationale for this increased risk associated with abacavir is not readily apparent as (in contrast to the protease inhibitors) abacavir is not associated with hyperlipidemia or insulin resistance [5] [6] [7] . Abacavirassociated inflammation has been proposed as one mechanism whereby this drug can cause premature cardiovascular morbidity [3] .
There are several well validated approaches to measuring cardiovascular risk and disease. Some approaches (including the measurement of carotid artery intima-media thickness) focus on development of subclinical atherosclerosis, but these measurements reflect long-term exposure to cardiovascular risk factors and are not well suited to examining the short-term risk of changes in inflammation and other potential risk factors. For our current study, we chose to measure flow-mediated dilation (FMD) of the brachial artery, as this measurement is strongly predictive of future cardiovascular events [8] [9] [10] [11] , changes rapidly in response to HIV medications [12] , and is sensitive to the potential effect of chronic inflammation [13] .
Methods

Study patients
We recruited HIV-infected study participants who were enrolled in the Study of the Consequences of the Protease Inhibitors Era (SCOPE) cohort at the University of California, San Francisco General Hospital. HIV-infected patients were required to be on at least 24 weeks of stable antiretroviral therapy with the two most recent HIV RNA levels of less than 75 copies/ml. Patients enrolled in the study underwent a detailed interview regarding HIV disease characteristics, health-related behaviors, and traditional cardiovascular risk factors. Chart review was performed on each patient in order to determine the duration of different types of antiretroviral medication. The FMD studies were performed in the context of studying vascular function in treated and suppressed HIVinfected individuals; we used these patients as a convenience sample to evaluate the effect of current abacavir use on endothelial function. Thus, though this objective was formulated posthoc, it was the primary hypothesis tested. Importantly, patients for this study were recruited independent of their antiretroviral drug regimen.
As FMD measurements are highly responsive to changes in medications, we excluded any individuals who had started or modified doses of any type of antihypertensive or lipid-lowering medication in the 12 weeks prior to the study. As nitroglycerin is administered to assess endothelium-independent vasodilation, we also excluded patients who had taken sildenafil, vardenafil, or tadalafil within 72 h or who were hypotensive [(systolic BP (SBP) < 100 mmHg]. The University of California, San Francisco Committee on Human Research approved the study, and all patients provided written informed consent.
Assessment of endothelial function
Patients were asked to refrain from drinking alcohol and beverages containing caffeine for at least 12 h prior to study. Patients were studied lying supine in a dark and quiet room. High-resolution ultrasound of the right brachial artery was performed just above the antecubital fossa using established guidelines [14] and methods [15] . We used a 10 MHz linear array probe in conjunction with the GE VividSeven Imaging System (GE, Milwaukee, Wisconsin, USA). To assess endothelium-dependent vasodilation, brachial artery diameter was measured under basal conditions and during reactive hyperemia following 5 min of an ischemic stimulus. A blood pressure cuff was placed on the forearm and inflated to suprasystolic pressures for 5 min to induce forearm ischemia. Following cuff deflation, the maximal increase in brachial artery diameter was measured at 1 min of reactive hyperemia (endothelium-dependent vasodilation) [16] . To assess endothelium-independent vasodilation, after 20 min of rest, brachial artery diameter was determined under basal conditions and following the administration of sublingual nitroglycerin (0.4 mg). Maximal brachial artery dilation was measured 3 min after the administration of sublingual nitroglycerin. Acquisition and analysis of the digitized images was performed using dedicated software (Information Integrity, Inc., Iowa City, Iowa, USA). The images were performed and analyzed by a single technician who was blinded to the patient's HIV disease and treatment status. The vessel wall/lumen interface was determined by derivative-based edge detection algorithm following identification of the region of the anterior and posterior wall by the investigator. The maximum diameter of the vessel was then determined [17, 18] . Three consecutive cardiac cycles were measured at end diastole. We repeated measurements on 10 scans in a blinded manner, and the correlations in reading were 0.998 with only small median differences of À0.18 to 0.08%. In addition, 10 patients underwent repeat scans within 14 days of study enrollment; the difference in FMD was 0.005% (À0.06 to þ0.04%, P ¼ 0.99).
Statistical analyses
For continuous variables, Kruskal-Wallis tests followed by pairwise Wilcoxon rank-sum tests were used to perform unadjusted comparisons between groups, whereas x 2 -square [the primary linear regression analysis comparing FMD between those on and off ABC had 58 degrees of freedom] and Fisher's exact tests were used for categorical variables. Spearman's rank correlation coefficients were used to assess correlations between continuous variables. Linear regression was used to determine adjusted difference between groups; we included traditional cardiac risk factors such as age, sex, cigarette smoking, diabetes mellitus, hypertension, hyperlipidemia, and prior history of CAD as potential confounders in multivariable models. In addition, we investigated the effect of HIV disease characteristics on FMD such as current CD4 cell count, nadir CD4 cell count, current use of abacavir, didanosine, tenofovir, or protease inhibitors. We also measured the duration of antiretroviral therapy and the duration of protease inhibitor therapy. All traditional risk factors as well as additional HIV factors associated with FMD in unadjusted analyses were initially included in multivariable models, then removed in a stepwise manner if their inclusion changed the beta coefficient of the primary predictor by less than 10%.
Results
Participant characteristics
We studied a total of 61 antiretroviral-treated HIVinfected patients with HIV RNA levels less than 75 copies/ml; half (n ¼ 30, 49%) of these patients were currently on abacavir (Table 1) . Three individuals were currently taking didanosine, and 33 (54%) were taking tenofovir. The median age of the patients was 50 years, and the majority (n ¼ 58, 95%) were male. The median duration of HIV diagnosis was 18 years [interquartile range (IQR) [14] [15] [16] [17] [18] [19] [20] [21] , that of antiretroviral therapy was 8.6 years (IQR 4-11), and that of protease inhibitor therapy was 8.8 years (IQR 3.5-11.2). The median duration of abacavir therapy was 1.2 years (IQR 0-6.8).
The individuals currently on abacavir were similar in age, sex, CD4 cell count, and traditional cardiovascular risk factors to the patients not on abacavir.
Impaired endothelial function among individuals currently on abacavir treatment
The resting blood pressure and heart rates were similar between the current abacavir and no abacavir groups. The HIV-infected patients not on abacavir had a smaller baseline diameter of the brachial artery compared with those on abacavir (4.51 vs. 4.79 mm, P ¼ 0.03; see Table 1 ).
The HIV-infected participants maintaining treatmentmediated viral suppression in the current study had a median endothelium-dependent FMD of 3.5% (IQR 2.3-5.6%). Among those individuals currently on abacavir, the endothelium-dependent FMD was more impaired than those not on abacavir (2.8 vs. 4.9%, P ¼ 0.01; see Fig. 1 ). Even after adjustment for baseline brachial artery diameter, participants currently receiving abacavir continued to have a mean 1.1% lower endothelium-dependent FMD than those receiving abacavir-sparing regimens. Among the 31 participants not currently receiving abacavir, those reporting past use of abacavir (n ¼ 5) also had lower endotheliumdependent FMD (P ¼ 0.04).
A similar proportion of current abacavir and nonabacavir users had a history of CAD (10 vs. 10%, P ¼ 0.68). Current abacavir use continued to be associated with lower FMD even when restricting the analysis to those without a prior history of CAD (P ¼ 0.025). Abacavir users tended to be more likely to be taking statin medication than nonusers (50 vs. 33%, P ¼ 0.20); however, there was no evidence for a relationship between statin medication use and FMD in unadjusted analyses (P ¼ 0.49), and current abacavir users continued to have lower FMD than nonusers even when restricting the analysis to those not receiving statin therapy (P ¼ 0.058). Furthermore, as statins typically improve endothelial function, more frequent use of these agents among the abacavir users would have increased (i.e. normalized) the FMD and biased our hypothesis toward the null. We found a significant reduction in FMD among abacavir users despite somewhat greater statin use. Current abacavir users were more likely to have a family history of CAD than nonusers (43 vs. 19%, P ¼ 0.056). However, family history was not associated with endothelial function in unadjusted analyses (P ¼ 0.42), and current abacavir use continued to be associated with lower FMD even when restricting to those without a family history of CAD (P ¼ 0.023). Even when restricting the analysis to those without known CAD, diabetes mellitus, hyperlipidemia, hypertension, and family history of CAD, current abacavir used continued to be associated with lower FMD (P ¼ 0.05). In contrast, the median endothelium-independent FMD (as assessed after a dose of sublingual nitroglycerin) was similar between those currently receiving abacavir (12.0%) and those not on abacavir (13.3%, P ¼ 0.27). Current didanosine or current tenofovir use was not associated with lower FMD.
Current abacavir therapy is independently associated with lower flow-mediated vasodilation
In unadjusted analyses, we found no evidence for a relationship between endothelium-dependent FMD and age, sex, diabetes mellitus, hypertension, hyperlipidemia, smoking (pack years or current use), prior CAD, family history of CAD, or serum creatinine (P > 0.10 for all). We also found no evidence for a relationship between endothelium-dependent FMD and current CD4 cell count, nadir CD4 cell count, or duration of antiretroviral therapy. There was also no evidence of confounding by any of these factors in adjusted models as their inclusion failed to change the beta coefficient for current abacavir use by more than 10%.
Discussion
Studies from our group and others have demonstrated that individuals with HIV infection have a higher rate of atherosclerosis compared with uninfected controls [19, 20] . HIV-infected patients also appear to have higher rates of myocardial infarction [21] . The underlying mechanisms for these observations are still under active investigation but have been attributed to an excess of traditional risk factors, HIV-associated inflammation [22] , and direct antiretroviral therapy toxicity [1, 23] . With regard to the latter, among individuals enrolled in the D:A:D study, current treatment with abacavir (as well as didanosine) was associated with a higher rate of myocardial infarction. This effect was particularly evident among those with other risk factors for coronary artery disease [2] . This finding -which remains controversialwas also evident in three other studies Endothelium-dependent FMD (%) Fig. 1 . The percentage of endothelium-dependent flowmediated vasodilation in the individuals currently on abacavir was 2.8% (interquartile range 2.2-4.1), which was significantly lower than those not on abacavir (4.9%, interquartile range 2.9-6.4, P U 0.01). After adjustment for age, sex, and traditional risk factors as well as nadir CD4 cell count and current CD4 cell count, current abacavir use remained independently associated with lower FMD (P ¼ 0.02). The closed black circles represent antiretroviral-treated individuals with HIV infection with HIV RNA levels <75 copies/ml who were studied using FMD. FMD, flow-mediated dilation.
in a retrospective analysis by GSK-sponsored studies [25] nor in a prospective AIDS Clinical Trial Group (ACTG) cohort (the participants in these latter studies tended to be younger) [26] . In our current study, we provide further evidence and a potential biological underpinning for a detrimental effect of abacavir on vascular function. In an unselected population of long-term antiretroviral-treated patients, those on abacavir had a greater degree of endothelial dysfunction than those not on abacavir. These differences were not readily explained by differences in HIV disease-associated factors or by differences in traditional cardiovascular risk factors.
The endothelium serves to regulate vascular homeostasis by balancing the level of vasodilators and vasoconstrictors. An imbalance in these factors leads to endothelial dysfunction and eventually the development of atherosclerosis [27] . Endothelial dysfunction can occur in response to traditional risk factors or inflammation or both [28, 29] . Recent studies have shown that FMD is clearly impaired in antiretroviral untreated patients and rapidly improves in response to combination therapy. A reduction in HIV-associated inflammation has been postulated as the major mechanism accounting for this improved FMD [12] . Our data also raise concerns about whether long-term effective antiretroviral therapy can 'normalize' endothelial function, even with regimens that do not include abacavir. The median FMD across all patients was 3.5%, and the median among those not taking abacavir was 4.9%. These levels are generally lower than the levels that we have observed in healthy controls studied in our laboratory (average FMD of 6.2%, standard deviation of 1.8%, n ¼ 30). As multiple studies in a variety of patient populations and clinical settings have shown that endothelial dysfunction both precedes and strongly predicts future cardiovascular events [10, 11, 30] , our findings provide one potential mechanism for the abacavir risk noted in D:A:D and other studies.
Our data regarding abacavir and FMD also provide a potential explanation for the recent observation suggesting that abacavir promotes platelet aggregation. Using a study design comparable to ours, Satchell et al. [31] observed that abacavir exposure was associated with enhanced platelet aggregation. FMD measures the bioavailability of endothelium-derived nitric oxide [16] . Endothelium-derived nitric oxide is a multifunctional molecule that, as well as promoting vasodilation, markedly inhibits platelet aggregation and adhesion [32] . Conversely, diseases associated with a loss of endothelium-derived nitric oxide are characterized by enhanced platelet aggregation and adhesion. In addition, platelets synthesize their own nitric oxide [33] ; its bioavailability is diminished by some of the same mechanisms that impair endothelial function. Activated platelets produce factors such as thromboxane, ADP, prostacyclin, and nitric oxide [34] , which may shift the vascular homeostasis toward vasoconstriction. Thus, we propose that our finding of significantly diminished FMD in patients on abacavir is indicative of a state in which loss of nitric oxide derived from the endothelium or from platelets promotes a platelet proaggregatory, prothrombotic state.
In addition to reduced FMD, the patients currently on abacavir also displayed larger brachial artery diameters. This may be yet another indication of increased cardiovascular risk. In that context, it is interesting that among the 2792 elderly patients in the Cardiovascular Health Study followed for 5 years, both reduced brachial artery FMD and increased brachial artery diameter predicted incident cardiovascular events, independently of traditional risk factors [35] . Increased brachial artery diameter may be a consequence of outward vascular remodeling (i.e. enlargement) described previously in an atherosclerotic milieu [36] and now potentially with abacavir.
Our study was observational and hence susceptible to many of the limitations associated with this approach.
Patients who received abacavir in our clinics may have differed from those who did not receive in a number of unmeasured factors, each of which may have confounded our observations. For example, if abacavir was perceived to be a safer option than other drugs such as tenofovir for patients at risk for renal disease, then a potential 'channeling' bias may have occurred. Although we have attempted to address this concern by controlling for traditional risk factors and we found no difference in traditional risk factors among the abacavir and nonabacavir-treated patients, unmeasured confounders may still have been present. These same unmeasured confounders might also explain why past use of abacavir was associated with impaired FMD among participants not currently receiving abacavir. A prospective randomized study is needed to more definitively address the role of abacavir-based regimens compared with nonabacavir-based regimens in causing impaired FMD. Future longitudinal studies may wish to consider carotid intima-media thickness and as well as biologic markers [37] to better understand the mechanism underlying the impairment in FMD associated with abacavir use. In addition, in-vitro studies evaluating the effect of abacavir and other nucleoside reverse transcriptase inhibitor (NRTIs) on endothelial cells may be useful in understanding and supporting the clinical results of the present study.
Whether or not to use abacavir in HIV-infected individuals with known coronary artery disease or who are at high risk for future events remains unclear. Our study may help to provide a biologic mechanism for the association between myocardial infarction and recent or current abacavir use seen in observational studies. Future studies will be needed to confirm our findings and to help determine if abacavir-associated impairment in endothelial function contributes to the clinically observed relationship between current abacavir use and myocardial infarction.
